We present the design and computational simulation of multiband, polarizationindependent, and thin frequency-selective structures for microwave frequencies and their fabrication via a very low-cost inkjet-printing procedure. The structures are constructed by periodically arranging unit cells that consist of U-shaped resonators, while polarization-independency is achieved by applying rotational arrangements. Various configurations are obtained by considering double and single U-shaped resonators, as well as rotational and complementary relationships between the corresponding unit cells on the top and bottom surfaces. We observe that complementary arrangements provide resonances with better quality, particularly by allowing the smaller resonators to operate as desired. Measurements on the fabricated samples demonstrate the feasibility of both effective and very low-cost inkjet-printed frequency-selective structures with multiband and polarization-independent characteristics.
INTRODUCTION
Recently, inkjet printing technology has attracted the interest of many researchers, as it enables fast, low-cost, and easy fabrication of many radio-frequency and microwave components [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Successfully fabricated samples of antennas [4, 7, 8, [12] [13] [14] , radio-frequency identification tags [1, 2, 17, 18] , metamaterials [5, 9, 10, 15, 16] , as well as frequency-selective structures and surfaces [3, 6, 11] have been demonstrated in the literature, using both special material printers and conventional inkjet printers that are modified accordingly [12] . When employing very low-cost inkjet printing setups, which involve standard printers loaded with metal-based inks, fabrication errors need to be considered carefully, while these errors often put limitations in the design procedures [14] . Typical conductivity issues can partially be mitigated via post-processing (e.g., heat curing after printing), and very good flexibility can be achieved by selecting proper ink types (e.g., metal/liquid ratio) and substrates (e.g., the type of the photograph paper). It has been shown that flexible, very low-cost, and environmentally friendly components can be fabricated in such optimized fabrication setups [15] , whereas the structures should still be carefully designed and often retuned due to the inherent limitations in printing resolution.
This study is devoted to the fabrication of thin, polarization-independent, and multiband frequencyselective structures (typically for 2-10 GHz band) that are suitable to be fabricated via very low-cost inkjet printing. Considering limited conductivity and printing resolution, these structures need to (1) be made of multiple (unconnected) elements that are easier to print, (2) be based on resonating structures, (3) preferably rely on first-order resonances of the elements, and (4) involve rotational arrangements and symmetry. Based on these design constraints, well-known U-shaped resonators [19] [20] [21] [22] are ideal options to construct inkjet-printed frequency-selective structures, by arranging these resonators in array forms as large as desired. We note that using single-sized U-shaped resonators (identical resonators in the entire structure) can be sufficient to obtain resonances at multiple frequencies. In these cases, however, multiband operations rely on higher-order resonances of the elements, which may not be suitable for inkjet printing. Specifically, random fabrication errors introduced by very low-cost inkjet printing in resonator lengths may dramatically affect the quality of higher-order resonances that can be quite sensitive to electrical dimensions. More importantly, frequencies for bandstop and bandpass operations may not be easily selected using single-sized resonators. Consequently, we prefer to use resonators with different sizes together (e.g., two different dimensions in this paper), depending on the target frequencies. On the other hand, selection of resonator sizes alone is not sufficient to obtain high-quality resonances, i.e., good opaqueness and transparency properties at desired frequencies. As shown in this paper, positioning and orientation of resonators are of utmost importance to minimize performance degradation due to mutual couplings between elements.
In the following, we first briefly describe the in-house solver used for the design and simulation of the frequency-selective structures, as well as the very low-cost inkjet printing setup to fabricate them. Then, various designs and their performances are discussed, followed by comparisons of simulation and measurement results to demonstrate the effectiveness of the designed structures. The paper ends with our concluding remarks.
SIMULATION AND FABRICATION OF INKJET-PRINTED FREQUENCY-SELECTIVE STRUCTURES
The frequency-selective structures in this study involve periodic arrangements of U-shaped resonators. Each structure involves two layers (two-dimensional arrays of finite sizes) with a very short distance between them. For accurate simulations, we use a three-dimensional environment based on surface integral equations and their solutions via the method of moments. Using a frequency-domain solver, frequency-dependent responses of the structures are obtained by sampling the frequency, e.g., with 100-200 MHz intervals for the simulations presented in this paper. The U-shaped resonators are modeled as perfect electric conductors with zero thicknesses, which can be formulated with the electric-field integral equation (EFIE). Dielectric effects are included simply by using effective medium parameters (permittivity values) for the surrounding media. Resonator surfaces are discretized by using triangles, on which the Rao-Wilton-Glisson (RWG) functions are defined to expand the induced electric current density. For the structures considered in the examples of this paper, discretizations involve as many as 30, 000 triangles. Dense matrix equations are obtained by employing a Galerkin approach, i.e., using the RWG functions also for testing boundary conditions. The resulting matrix equations are solved iteratively, where the matrix-vector multiplications are accelerated by using the multilevel fast multipole algorithm (MLFMA) [23, 24] . Due to the inherent ill-conditioning of EFIE discretized with the RWG functions, as well as the resonant characteristics of the analyzed structures, the number of iterations can reach several thousands for a reasonable error threshold (e.g., 0.001), even when using the robust generalized minimal residual algorithm (GMRES). Therefore, we perform multilayer solutions [25] , where MLFMA and its approximate forms are used in a multilayer (recursive) manner. Using a three-layer scheme, all problems shown in this paper require less than 60 flexible-GMRES (FGMRES) iterations, while the corresponding processing time is less than 1 hour per frequency in the MATLAB environment on a single core.
In this study, a very low-cost inkjet-printing setup is used to fabricate the designed structures. The general principles followed to construct this kind of fabrication processes can be found in [12, 14] . The setup involves commercial printers (Epson L130) that are manually modified, as depicted in Figure 1 (a). Printers are loaded with a metallic ink (Metalon JS-B25P) that contains 25% silver. In the computer environment, pure black copies of the designed frequency-selective surfaces are used and directly sent to the printers, similar to printing a standard document. Layers are printed on HP professional glossy laser papers (125 g/m 2 ). Then, to construct a frequency-selective structure, two layers are glued onto the two sides of a thin foam. As shown in Figure 1 (b), layers are very flexible, similar to examples of antennas and other structures printed in similar setups [12, 14] . However, the frequency-selective structures shown in the paper are not very flexible (indeed, this is not among the desired properties of these designs) since the layers are glued onto hard foams. As shown in previous studies [12] , heat curing is crucial to obtain sufficiently conductive prints in low-cost setups. For this purpose, as also shown in Figure 1 (a), we use a simple kitchen oven. Heat curing is applied typically 45-60 minutes at 150 • C. Lower temperatures and/or shorter durations lead to poor conductivity, whereas higher temperatures and/or longer durations often result in disastrous effects, e.g., burned papers, cracks, and complete failures of conductivity. After a successfully applied heat curing, the end-to-end DC resistance of a large resonator becomes less than 3 Ω, while this value is typically thousands of Ohms without any curing.
DESIGNS OF FREQUENCY-SELECTIVE STRUCTURES
As mentioned above, U-shaped resonators are used in this study to construct polarization-independent and multiband frequency-selective structures. In the following discussions, four different (successful) structures among diverse alternatives are considered. As described in Figure 2 , each of these structures consists of two layers with 3.2 mm distance between them (considering compactness, quality of resonances, and available fabrication material), while each layer contains 9 × 9 unit cells. As also illustrated in Figure 2 , depending on the structure, a unit cell may involve four larger and four smaller resonators, four smaller resonators, or four larger resonators. The used types of U-shaped resonators are well known in the literature, and the larger resonators can be seen as scaled versions of those in [19] . Their dimensions are determined such that when being located in air (without substrate), they resonate at around 4.5 GHz. This main resonance is naturally followed by many higher-order resonances at the higher frequencies. The smaller resonators, which are not directly scaled but modified versions of the larger ones, are designed to resonate at around 7.0 GHz without substrate. Dimensions (arm lengths and widths) of these resonators are determined via parametric analyses. As shown in Figure 2 , they can be placed inside the larger ones for compact designs, as practiced in the literature [20, 21] .
In Figure 2 , we further note the rotational arrangements of the resonators within the unit cells to obtain polarization-independency. Different frequency-selective structures considered in this study can be briefly described as follows. Figures 3  and 4 , the structures are assumed to be located in vacuum, unless stated otherwise. In the plots, the power density is plotted on the z-x plane, while the structures are lying on the x-y plane. Therefore, we observe the structures from their sides, and considering that the plane waves travel in the −z direction (illuminating the top layers of the structures), the bottom half of the plots can be considered the transmission region. For each structure, both left-hand circularly polarized (LHCP) and righthand circularly polarized (RHCP) waves are considered to demonstrate the polarization-independency. When the elements resonate, the structures become opaque and inhibit the transmission of waves, which can be observed as shadowing effects in the plots. First, considering the SUR [Rotational] structure, we observe resonances at around 4.5 GHz, 10.05 GHz, and 13.05 GHz, whereas the shadowing effects naturally spread around these frequencies. In addition, as the frequency increases, transparency is not perfectly obtained between the resonance frequencies as a consequence of increased interactions between incident waves and resonators. On the other hand, considering the SUR [Complementary] structure, resonances occur approximately at 4.35 GHz, 7.2 GHz, 9.9 GHz, and 12.75 GHz. Therefore, there is one extra resonance, which occurs at 7.2 GHz (that actually corresponds to smaller resonators).
For both rotational and complementary structures, similar responses to different polarizations are also remarkable.
Examining the results in Figure 3 , one may notice a weak response at around 6.9 GHz, which is actually related to the missing resonance of the SUR [Rotational] structure. In order to understand different responses of the rotational and complementary structures, Figures 5-8 further show the electric current density (in dBA/m) induced on the top and bottom layers of the structures at critical frequencies.
Only LHCP is considered in these current-distribution plots since similar observations can be made for the RHCP excitation. The response of the SUR [Rotational] structure at 4.5 GHz is shown in Figure 5 , where we observe strong resonances of the larger resonators (large electric current density values), while the smaller resonators act as parasitic elements. These strong resonances lead to the opaqueness of the structure at this frequency, as already shown in Figure 3 . In Figure 6 , we consider similar plots for the same structure at 6.75 GHz. Obviously, the smaller resonators become active at this frequency, while the larger resonators become parasitic elements. Nevertheless, such resonance effects are not actually visible in the near-zone power density plots (see Figure 3 ), and surprisingly, the structure remains almost transparent at around this frequency despite that its elements resonate strongly. In fact, none of the resonances in Figure 3 are related to the smaller resonators, i.e., all resonances of the SUR [Rotational] structure (as well as of the DUR [Rotational] structure) are related to the larger resonators whereas the smaller resonators act only as parasitic elements (and, in fact, not required in practice).
In comparison to the results in Figures 5 and 6 , the corresponding plots for the SUR [Complementary] structure are shown in Figures 7 and 8 , respectively. In Figure 7 , we observe strong resonances of the larger resonators at 4.35 GHz, leading to the opaqueness previously depicted in Figure 4 . The smaller resonators of the SUR [Complementary] structure resonate at around 7.2 GHz as shown in Figure 8 , which also induce a strong opaqueness. Hence, as opposed to those of the SUR [Rotational] structure that has a missing resonance, the smaller resonators of the SUR [Complementary] structure are actively used for frequency selection. For a close examination, Figure 9 presents the plots of the induced electric current density on single cells. In addition to the main resonances of the larger and smaller resonators (at 4.5/6.75 GHz for the rotational structure and at 4.35/7.2 GHz for the complementary structure), higher-order resonances of the larger resonators are further shown (at 10.2 GHz for the rotational structure and at 9.9 GHz for the complementary structure). We observe that when the smaller resonators resonate, weak currents occur on the larger resonators for both rotational and complementary cases. Therefore, from the resonance point-of-view, the rotational and complementary arrangements are not very different. On the other hand, the complementary arrangement allows the smaller resonators to radiate effectively, since, in this arrangement, the active parts of the smaller resonators (where large currents occur) do not face metallic parts (of the larger resonators on the top layer). In the rotational arrangement, however, the active parts of the smaller resonators are all covered by the arms of the larger resonators, leading to poor radiation of the smaller resonators to induce a shadowing in the medium.
To further investigate significantly different electromagnetic responses of the structures with rotational and complementary arrangements, we consider a geometric transition from the SUR [Rotational] structure to SUR [Complementary] structure. As depicted in Figure 10 , the SUR [Complementary] structure can be seen as a modified version of the SUR [Rotational] structure, when the smaller resonators (but not the unit cells) are rotated by 90 • . Hence, we consider two intermediate structures (both involving two layers of 9 × 9 unit cells), i.e., those with 30 • -rotated and 60 • -rotated smaller resonators, to observe how the orientation of these resonators significantly changes the overall transmission characteristics of the structures. Figure 11 presents the corresponding plots of the power transmission coefficient with respect to frequency from 3 GHz to 11 GHz. Both LHCP and RHCP excitations are considered, whereas similar responses are obtained for different polarizations. We observe that as the angle is changed from 0 • (SUR [Rotational]) to 90 • (SUR [Complementary] ), the weak response at around 7 GHz becomes increasingly stronger, leading to the desired multiband characteristics at the end.
As emphasized before, the discussion above is also valid for the DUR structures. Specifically, a rotational arrangement (whether it is SUR or DUR) leads to opaqueness only at the resonances of the larger resonators, while the smaller resonators are not used effectively. By resorting to a complementary arrangement, it becomes possible to observe the resonances of the smaller resonators in the near-zone characteristics, exactly as desired. We note that using smaller resonators allows us to obtain multiband structures, without relying on higher-order resonances.
(a) (b) Figure 11 . Power transmission coefficient for the structures described in Figure 10 . Both (a) LHCP and (b) RHCP illuminations are considered. The structures are assumed to be located in vacuum.
RESULTS
The four different frequency-selective structures designed and analyzed above are fabricated via the low-cost printing procedure described in Section 2 and tested in a measurement setup (see Figure 1 ). The fabricated samples (each involving two layers of 9 × 9 unit cells) cover 27 cm × 27 cm areas, whereas their thickness is smaller than 3.5 mm. In order to measure the power reflection coefficient, two standard horn antennas and a vector network analyzer (HP8720D) are used. For each structure, two measurements are performed in order to obtain the reflection coefficient values for LHCP and RHCP via postprocessing (from linear polarizations to circular polarizations). Measured values are compared with simulated values that are found by sampling the power density at the position of the receiver antenna and normalizing it with the incident power. In simulations, the effect of the paper substrate is included by an effective medium permittivity of 1.14, i.e., the metallic parts are assumed to be located in a homogeneous medium with 1.14 relative permittivity. As previously discussed in the context of antennas [14, 26] , this effective value is found by fabricating simple dipole antennas (exactly as the frequency-selective structures) and matching the measured and simulated resonance frequencies. Figure 12 presents the comparison of the simulated and measured power transmission coefficient values for the SUR [Rotational] structure. In addition to consistent results, we observe three resonances (low power transmission), all of which are related to the larger resonators, as discussed above. In both simulation and measurement results, the low quality of the second resonance is remarkable. The corresponding plots in Figure 13 , which are related to the SUR [Complementary] structure, clearly show that the resonances can be dramatically improved by changing the unit-cell structure. In these plots, the second resonances that are related to the smaller resonators particularly demonstrate favorable properties of the complementary arrangement. One may also note that in both Figures 12 and 13 , the discrepancy between the simulated and measured values increases with frequency, which seems related to the measurement errors (more specifically, poor performances of the used antennas at the higher frequencies).
Finally, Figures 14 and 15 excitations is also remarkable. We further note that using both smaller and larger resonators on both layers, the DUR [Complementary] structure performs better than the SUR [Complementary] structure, e.g., it can reduce the measured power transmission coefficient to less than −10 dB for the first resonance. Nevertheless, the SUR design uses fewer resonators and less metal than the DUR design, which may be an advantage in many practical cases. 
CONCLUDING REMARKS
We present the design, simulation, and fabrication of thin inkjet-printed frequency-selective structures that demonstrate multiband and polarization-independent characteristics. The designed structures consist of U-shaped resonators that are suitable to be fabricated in a low-cost inkjet printing setup. Resonators with different sizes are used together to obtain multiband responses, whereas rotational arrangements are constructed within unit cells for polarization independency. We show that the relationship between the unit cells located on the top and bottom layers of the structures is critical in terms of the resonance quality. Both simulation and measurement results show that a complementary relationship enables the active usage of the smaller resonators, leading to multiband operations with good performances in terms of opaqueness and transparency. The obtained results clearly demonstrate the feasibility of very low-cost frequency-selective structures with useful electromagnetic responses for a plethora of applications.
